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Neat reactionsAbstract A library of C-alkyl and C-aryl nitrones has been obtained by direct condensation of pri-
mary N-substituted hydroxylamine hydrochlorides with various aldehydes and ketones without cat-
alysts or base. The synthetic procedure, performed under MW irradiation in the absence of solvent,
does not require the presence of a base, is fast, clean, high-yielding and characterized by simple
work-up.
ª 2015 TheAuthors. Production and hosting by Elsevier B.V. on behalf of King SaudUniversity. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nitrones (1) are useful and versatile intermediates in organic
synthesis. They react as electrophiles with organometallics
compounds, with indoles and pyrroles (Denis et al., 1997;
Berini et al., 2008) or with various substrates (Merino, 2005)
and behave as 1,3-dipoles in cycloaddition reactions (Martin
and Jones, 2002; Merino, 2004, 2011; Bortolini et al., 2008).
In the latter case the nitrone functionality plays an importantrole in the organic chemistry due to its ability to generate mul-
tiple stereocenters in a single cycloaddition step. In addition,
nitrones have relevant applications in biological therapeutic
studies. As an example a-phenyl-N-tert-butylnitrones (PBN)
show neuroprotective properties (Dhainaut et al., 2000;
Balogh et al., 2005; Kim et al., 2007; Villamena et al., 2012)
and many derivatives obtained from 1,3-dipolar cycloaddition
of nitrones with alkenes exhibit potential biological activity
(Chiacchio et al., 2001; Chiacchio et al., 2003; Merino et al.,
2005; Bortolini et al., 2010, 2011).
The most common procedures for the preparation of these
compounds are summarized in Scheme 1 and include: (i) the
condensation of carbonyl compounds 2 with N-substituted
hydroxylamines 3 in the presence of a drying agent (Torssell
and Zeuthen, 1978; Masson et al., 2002; Young and Kerr,
2003); (ii) the oxidation of secondary amines 4 or N,N-disub-
stituted hydroxylamines 5 by a variety of oxidants including
mercury oxide, manganese(IV) oxide (Cicchi et al., 2001;
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26 L. Maiuolo et al.Guinchard et al., 2007) and hydrogen peroxide in the presence
of a catalytic amount of sodium tungstate (Breuer, 1982;
Cardona et al., 2008); or (iii) the catalytic oxidation of imines
6 employing either an excess of potassium permanganate under
phase-transfer conditions (Christensen and Jørgensen, 1989) or
a methyltrioxorhenium/UHP (Soldaini et al., 2007).
In any case there are in literatures other methods of
nitrones formation such as one pot reduction–condensation
of nitro compounds with aldehydes (Gautheron-Chapoulaud
et al., 2001) or benzaldehyde derivatives (Choteau et al.,
2012) or via Cope-type hydroamination of allenes (Moran
et al., 2009). Most of these oxidation methods employ heavy
metals as catalysts which can be a source of contamination
for the preparation of compounds with therapeutic use. In
recent years the interest has been directed toward more envi-
ronmentally friendly procedures based on MW-assisted reac-
tions (Shridharan et al., 2004; Banerji et al., 2004; Andrade
et al., 2008; Reyes et al., 2010; Chavarrı´a et al., 2012; Petkes
et al., 2014), ball-mill methodologies (Colacino et al., 2008)
and the use of nonconventional solvents or solvent-free condi-
tions, with a particular emphasis on ionic liquids or water as
green reaction media (Valizadeh and Shockravi, 2005;
Valizadeh et al., 2009; Valizadeh, 2010). While considering
the good or excellent results obtained with the methods yet
described, all of them show some limitations as the long reac-
tion times, the use of organic solvents and the employment of
an excess of carbonyl compounds associated with tedious
puriﬁcation practices.
Here we wish to present a greener approach to this problem
consisting in the direct synthesis of various nitrones by solvent-
free condensation of primary aryl- or alkylhydroxylamine
hydrochlorides with aromatic aldehydes and ketones under
microwave irradiation. The advantages are short reaction times,
high yields, clean reactions without formation of by-products
and related procedures of puriﬁcation, absence of metal cataly-
sis, typical conveniences of microwave application (Lidstrom
et al., 2001; Kappe, 2004; Dallinger and Kappe, 2007).
2. Results and discussion
2.1. Model reaction to synthesize the nitrone 1aa
Initially, we selected the condensation between benzaldehyde 2a
andN-methylhydroxylamine hydrochloride 3a as a model reac-
tion by using an unmodiﬁed household microwave oven, in
absence of solvent and base (Scheme 2). Preliminary results, col-
lected in Table 1, were obtained by varying the main reaction
factors i.e.MWpower, reactants molar ratio, and reaction time.The procedure is simple and consists of mixing the two com-
ponents in a vortex, followed by transfer of the mixture in an
apposite open vessel, which is placed within a household micro-
wave oven, at 450–600 W irradiation power, for times ranging
from 5 to 15 min. After the appropriate time, monitored by
TLC, hot EtOAc was added to the reaction mixture, that
appeared as a syrup, producing the product as a solid pre-
cipitate. The isolated product was subjected to 1H, 13C NMR
spectroscopy and HRMS analysis, to conﬁrm the formation
of 1aa.
As shown in Table 1, the use of MW power at 450 W (entry
1) does not lead to the complete formation of compound 1aa
for which it is necessary to apply an irradiation at 600 W
(entries 2–5). Moreover, choosing the 1.5:1 ratio of the 2a/3a
couple (entry 3), lower yields and formation of by-products
is observed. The stoichiometric ratio of aldehyde and hydroxy-
lamine hydrochloride actually shows three advantages: (1)
quantitative yields, (2) no formation of by-products and (3)
the absence of work-up and lengthy puriﬁcation steps. In
agreement with literature reports, the stereochemical outcome
of the reaction shows the highly selective formation of the
more stable Z form (Hassan et al., 1998), that we conﬁrmed
by 1H NMR spectra and by comparison with literature data.
The model reaction was confronted with the results obtained
when the compound 3a was allowed to react with a slight
excess of aldehyde 2a (1.2 eq) and a base (1.3 eq of NaOAc)
(entry 4). Although the yield was high (90%), it is possible
to conclude that the use of a base is not necessary for the pro-
gress of the reaction. Moreover, when the nitrone 1aa was
formed by reaction between the aromatic aldehyde 2a and neu-
tral N-methylhydroxylamine, a yield of 53% was observed,
supporting the thesis that the presence of hydroxylamine
hydrochloride is necessary for the complete performance of
the reaction (entry 5). This result is in agreement with the
well-known requirement of acidity in several nucleophilic addi-
tions to carbonyl compounds, such as the formation of an
enamine. Whereas either using directly the hydroxylamine
hydrochloride or in the presence of sodium acetate (the in situ
formed acetic acid is present in the medium), the reaction per-
Table 1 Formation of N-methyl-C-phenyl nitrone 1aa.
Entry Aldehyde Hydroxylamine HCl Hydroxylamine Base Molar ratio MW (W) D (C) Time (min) Product Yield (%)
1 2a 3a – – 1:1 450 – 15 1aa 52
2 2a 3a – – 1:1 600 – 5 1aa 92
3 2a 3a – – 1.5:1 600 – 5 1aa 79
4 2a 3a – NaOAc 1.2:1:1.3 600 – 5 1aa 90
5 2a – N-Methyl- – 1:1 600 – 5 1aa 53
6 2a 3a – – 1:1 – 160 1440 1aa 12
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tion a further experiment was carried out by heating the reac-
tion between aldehyde 2a and N-methylhydroxylamineHCl 3a
(entry 6) without adding of solvents; in this case it observed a
very low formation of nitrone 1aa, thus conﬁrming for this
method the importance of microwave irradiation.
2.2. Synthesis of aldonitrones 1ab–1qc
With these results in hands, we next explored the effect of dif-
ferent substituents on 2 and 3 by using different aromatic alde-
hydes 2a–q and N-methyl (3a), N-benzyl (3b) and N-phenyl
hydroxylamine hydrochloride (3c). The results obtained are
shown in Table 2.
All reactions afforded the desired product in yields varying
from very good to excellent and high purity. In almost all cases
the procedure does not require particular work-up and the
products can be separated simply by adding hot EtOAc and
a small amount of hexane if necessary. Slightly lower yields
were observed only in one case (entry 17), associated with
the incomplete consumption of the reagents and with the
formation of uncharacterized by-products. Consequently,
ﬂash-chromatography puriﬁcation was required.
2.3. Synthesis of ketonitrones 1ra–1ua
Considering the general different and scarce reactivity of
ketones compared to aldehydes in the nitrones formation
(Exner, 1951; Pfeiffer and Beauchemin, 2009; Nakamura
et al., 2014), we decided to test the method also with these sub-
strates. The pertinent results are collected in Table 3.
As shown in Table 3, a few adjustments of the reaction con-
ditions to the new substrates were required to minimize by-pro-
duct formation. In particular, a slight excess of ketone for the
formation of nitrones 1ra and 1sa (entries 1 and 2, Table 3) with
respect to hydroxylamine was required to obtain the expected
products in acceptable yields. On the contrary we observed that
longer reaction times and different ratio of the reagents pro-
duced a large amount of uncharacterized by-products.
3. Experimental
Commercial starting materials were used without further
puriﬁcation. 1H and 13C NMR spectra were recorded at 300
and 500 MHz and 75.5 and 125.7 MHz, respectively, in CDCl3
and DMSO-d6 using tetramethylsilane (TMS) as internal
standard (Bruker ACP 300 MHz and 500 MHz). Chemical
shifts are given in parts per million and coupling constants
in Hertz. High resolution mass spectra (HRMS) were acquiredon a Q-star pulsar-i (MDS Sciex Applied Biosystems, Toronto,
Canada) equipped with an ion-spray source at 10,000 resolu-
tion. Household microwave model: Samsung GE82P, 230 V,
50 Hz. The purity was established for all products by a short
range (1 C) of melting point and by NMR spectra. Melting
points were obtained on a Koﬂer apparatus.
3.1. General procedure for the synthesis of aldonitrones 1aa–1qc
The selected aldehyde (500 mg) and the hydroxylamine
hydrochloride (1 eq) were placed in a Pyrex container and
mixed in a vortex. The mixture was transferred to an house-
hold microwave oven and irradiated with a 600 W power.
After the appropriate time hot EtOAc was added to crude
oil, by adding of a few drops of hexane if necessary, isolating
the pure nitrone as solid, after ﬁltration under vacuum and
washing with cold dry EtOAc. The puriﬁcation of compounds
1qa–1qc was realized by ﬂash chromatography (CHCl3/MeOH
98.75/1.25 v:v).
All nitrones were characterized by HRMS, 1H and 13C
NMR and compared with literature data: 1aa–1ac, 1db, 1hb,
1jb, 1qb (Palomo et al., 2005); 1ca–1cb, 1eb, 1gb, 1oa
(Bortolini et al., 2011); 1da–1dc, 1ja, 1la, 1na, 1qa (Chan
et al., 1995); 1ec (Oravec et al., 1991); 1fa (Hassan et al.,
1998); 1fc (Valizadeh and Dinparast, 2009); 1ga, 1gc (Anand
and Singh, 2012); 1ha, 1ka–1kc, 1ob (Colacino et al., 2008);
1hc (Herrera et al., 2001); 1ia (Wagner and Garland, 2008);
1ib (Lu et al., 2012); 1ic, 1pc (Nelson et al., 2001); 1jc, 1lb,
1lc, 1hc (Liard et al., 2003); 1ma, 1mb (Coskun and Parlar,
2005); 1mc (Frontana-Uriba and Moinet, 1999); 1nb (Soldaini
et al., 2007); 1oc (Andrade et al., 2008); 1pa (Camiletti et al.,
1994); 1pb (Evans et al., 2006); 1pc (Nelson et al., 2001). The
full characterization of nitrones 1ba–1bc, 1cc, 1ea, 1fb and
1qc is reported. Yields were calculated on isolated compounds.
3.1.1. (Z)-N-methyl-C-(2,6-dichlorophenyl) nitrone 1ba
White solid, yield 93%, m.p. 131–132 C. 1H NMR (300 MHz,
CDCl3) d 3.93 (s, 3H, CH3), 7.22–7.39 (m, 3H, Ar), 7.53 (s, 1H,
=CH); 13C NMR (75.5 MHz, CDCl3) d 53.5, 128.1, 128.3,
130.5, 130.9, 135.5. ESI-HRMS theoretical for [C8H7Cl2-
NO+ H]+ 203.9977 found 203.9976.
3.1.2. (Z)-N-benzyl-C-(2,6-dichlorophenyl) nitrone 1bb
White solid, yield 90%, m.p. 154–155 C. 1H NMR (500 MHz,
CDCl3) d 5.11 (s, 2H, CH2), 7.21–7.34 (m, 3H, Ar), 7.38–7.46
(m, 3H, Ar), 7.48 (s, 1H, =CH), 7.50–7.54 (m, 2H, Ar); 13C
NMR (125.7 MHz, CDCl3) d 70.9, 128.4, 128.8, 129.4, 129.6,
130.0, 130.4, 131.2, 133.1, 136.0. ESI-HRMS theoretical for
[C14H11Cl2NO +H]
+ 280.0290 found 280.0272.
Table 2 Synthesis of nitrones from various aldehydes and N-
substituted hydroxylamines hydrochlorides.
.
Entry R R0 Time (min) Yield (%) Product
1 Benzyl 4 94 1ab
Phenyl 5 93 1ac
2
Cl
Cl
Methyl 5 93 1ba
Benzyl 6 90 1bb
Phenyl 3 93 1bc
3
Cl
Methyl 12 92 1ca
Benzyl 15 95 1cb
Phenyl 8 97 1cc
4
Cl
Methyl 10 90 1da
Benzyl 15 95 1db
Phenyl 10 96 1dc
5
F
Methyl 10 91 1ea
Benzyl 15 93 1eb
Phenyl 8 95 1ec
6
OH
Methyl 10 90 1fa
Benzyl 15 90 1fb
Phenyl 8 95 1fc
7
HO
Methyl 12 90 1ga
Benzyl 15 92 1gb
Phenyl 10 94 1gc
8 Methyl 4 91 1ha
Benzyl 5 90 1hb
Phenyl 3 93 1hc
9
OMe
Methyl 5 90 1ia
Benzyl 4 91 1ib
Phenyl 4 90 1ic
10
MeO
Methyl 3 91 1ja
Benzyl 4 93 1jb
Phenyl 5 92 1jc
11
N
Methyl 4 93 1ka
Benzyl 3 98 1kb
Phenyl 2 95 1kc
12
(Me)2N
Methyl 4 92 1la
Benzyl 4 94 1lb
Phenyl 3 96 1lc
13
NO2
Methyl 4 90 1ma
Benzyl 3 93 1mb
Phenyl 3 95 1mc
14
O2N
Methyl 6 90 1na
Benzyl 5 93 1nb
Phenyl 5 96 1nc
15
O
Methyl 4 91 1oa
Benzyl 3 96 1ob
Phenyl 2 98 1oc
16 Methyl 5 92 1pa
Benzyl 4 90 1pb
Phenyl 3 95 1pc
17
NC
Methyl 25 80 1qa
Benzyl 25 83 1qb
28 L. Maiuolo et al.3.1.3. (Z)-N-phenyl-C-(2,6-dichlorophenyl) nitrone 1bc
Yellow solid, yield 93%, m.p. 111–112 C. 1H NMR
(500 MHz, DMSO-d6): d 7.45–7.65 (m, 6H, Ar), 7.85–7.95
(m, 2H, Ar), 8.63 (s, 1H, =CH); 13C NMR (125.7 MHz,
DMSO-d6): d 121.5, 128.1, 128.2, 128.8, 129.2, 130.6, 131.7,
134.6, 147.0. ESI-HRMS theoretical for [C13H9Cl2NO + H]
+
266.0134 found 266.0131.
3.1.4. (Z)-N-phenyl-C-(2-chlorophenyl) nitrone 1cc
Whitish solid, yield 97%, m.p. 49–50 C. 1H NMR (300 MHz,
CDCl3): d 7.31–7.55 (m, 6H, Ar), 7.68–7.85 (m, 2H, Ar), 8.42
(s, 1H, =CH), 9.52 (dd, J= 2.10, 7.92 Hz, 1H, Ar); 13C NMR
(75.5 MHz, CDCl3): d 121.8, 127.2, 128.4, 129.2, 129.5, 130.2,
130.4, 131.5, 133.6, 149.5. ESI-HRMS theoretical for [C13H10-
ClNO+H]+ 232.0523 found 232.0525.
3.1.5. (Z)-N-methyl-C-(2-ﬂuorophenyl) nitrone 1ea
Pale yellow solid, yield 91%, m.p. 48–49 C. 1H NMR
(300 MHz, CDCl3): d 3.92 (s, 3H, CH3), 7.08 (ddd, J= 1.59,
8.22, 10.98 Hz, 1H, Ar), 7.18–7.26 (m, 1H, Ar), 7.33–7.44
(m, 1H, Ar), 7.67 (s, 1H, =CH), 9.23 (td, J= 1.59, 7.65 Hz,
1H, Ar); 13C NMR (75.5 MHz, CDCl3): d 55.0, 114.5 (d,
J= 1.20 Hz), 114.8, 124.4 (d, J= 3.01 Hz), 127.4 (d,
J= 7.22 Hz), 128.6, 131.7 (d, J= 9.01 Hz), 159.9 (d,
JCF = 253.12 Hz). ESI-HRMS theoretical for [C8H8-
FNO+H]+ 154.0663 found 154.0662.
3.1.6. (Z)-N-benzyl-C-(2-hydroxyphenyl) nitrone 1fb
Yellow solid, yield 90%, m.p. 97–98 C. 1H NMR (300 MHz,
CDCl3): d 5.06 (s, 2H, CH2Ph), 6.75–6.86 (m, 1H, Ar), 6.90–
7.03 (m, 2H, Ar), 7.30–7.47 (m, 7H, Ar + OH), 7.48 (s, 1H,
=CH); 13C NMR (125.7 MHz, CDCl3): d 68.7, 116.5, 118.9,
118.9, 120.1, 129.2, 129.2, 129.4, 132.2, 134.1, 141.1, 159.7.
ESI-HRMS theoretical for [C8H9NO2 + H]
+ 152.0706 found
152.0701.
3.1.7. (Z)-N-phenyl-C-(4-cyanophenyl) nitrone 1qc
Brownish solid, yield 82%, m.p. 149–150 C. 1H NMR
(300 MHz, CDCl3): d 7.47–7.54 (m, 3H, Ar), 7.73–7.81 (m,
4H, Ar), 8.01 (s, 1H, =CH), 8.48 (d, J= 8.28 Hz, 2H, Ar);
13C NMR (75.5 MHz, CDCl3): d 121.7, 121.7, 128.8, 129.3,
129.4, 130.6, 132.3, 132.3, 134.5, 148.9. ESI-HRMS theoretical
for [C14H10N2O +H]
+ 223.0866 found 223.0867.
3.2. General procedure for the synthesis of ketonitrones 1ra-1ua
The selected ketone (1.2 eq for 7r and 7s; 1 eq for 7t and 7u) and
methylhydroxylamine hydrochloride 3a (500 mg) were placed
in a Pyrex container and mixed in a vortex. The mixture was
transferred to an household microwave oven and irradiated
with a 600 W power. The crude residue thus obtained was puri-
ﬁed by ﬂash chromatography (CHCl3/MeOH 97.5/2.5 v:v).
Nitrones 1ra–1ua were characterized by HRMS, 1H and
13C NMR and compared with literature data: 1ra, 1sa
(Cummins and Coates, 1983); 1ta (Clack et al., 1981); 1ua
(Vasilevskis et al., 1970).Phenyl 25 82 1qc
Table 3 Synthesis of nitrones 1ra–1ua from ketones 7r–u and N-methylhydroxylamine 3a.
Entry Ketone Ratio ketone/hydroxylamine Time (min) Yield (%) Product
1 O
7r
1.2:1 2 40 1ra
2 O
7s
1.2:1 2 43 1sa
3 PhCH= CHCOPh 7t 1:1 6 60 1ta
4 PhCOPh 7u 1:1 5 62 1ua
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In summary, we have developed an economical, environ-
mentally benign and fast method for the synthesis of a
signiﬁcant number of nitrones 1 by using readily available
reagents without catalysts or base. The procedure involves
the use of an unmodiﬁed household microwave oven, sol-
vent-free conditions and a fast puriﬁcation step. Moreover,
considering the wide use of the nitrones as starting
material in various reactions, this method provides high
yields, short reaction time and fast procedures of puriﬁca-
tion also in the scale-up step, producing from hundreds of
milligrams to some grams of nitrones without any problem
of reaction times and yields. Therefore, this system can be
considered as an improved alternative to other reported
procedures.
Appendix A. Supplementary material
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.arabjc.
2015.01.015.
References
Anand, P., Singh, B., 2012. Synthesis and evaluation of novel 4-
[(3H,3aH,6aH)-3-phenyl)-4,6-dioxo-2-phenyldihydro-2H-pyrrolo
[3,4-d]isoxazol-5-(3H,6H,6aH)-yl]benzoic acid derivatives as potent
acetylcholinesterase inhibitors and anti-amnestic agents. Bioorg.
Med. Chem. 20, 521–530.
Andrade, M.M., Barros, M.T., Pinto, R.C., 2008. Exploiting micro-
wave-assisted neat procedures: synthesis of N-aryl and N-alkylni-
trones and their cycloaddition en route for isoxazolidines.
Tetrahedron 64, 10521–10530.
Balogh, G.T., Vulkis, K., Ko¨nczo¨l, A., Kis-Varga, A., Gere, A.,
Fischer, J., 2005. Nitrone derivatives of trolox as neuroprotective
agents. Bioorg. Med. Chem. 15, 3012–3015.Banerji, A., Biswas, P.K., Sengupta, P., Dasgupta, S., Gupta, M.,
2004. 1,3-Dipolar cycloadditions: Part VIII-Microwave irradiation
assisted synthesis of N-methyl-C-aryl nitrones. Ind. J. Chem. 2004
(43B), 880–881.
Berini, C., Minassian, F., Pelloux-Le´on, N., Denis, J.-N., Valle´e, Y.,
Philouze, C., 2008. Efﬁcient stereoselective nucleophilic addi-
tion of pyrroles to chiral nitrones. Org. Biomol. Chem. 6, 2574–2586.
Bortolini, O., D’Agostino, M., De Nino, A., Maiuolo, L., Nardi, M.,
Sindona, G., 2008. Solvent free, microwave assisted 1,3-cycloaddi-
tion of nitrones with vinyl nucleobases for the synthesis of N,O-
nucleosides. Tetrahedron 64, 8078–8081.
Bortolini, O., De Nino, A., Eliseo, T., Gavioli, R., Maiuolo, L., Russo,
B., Sforza, F., 2010. Synthesis and biological evaluation of
diastereoisomerically pure N,O-nucleosides. Bioorg. Med. Chem.
18, 6970–6976.
Bortolini, O., Mulani, I., De Nino, A., Maiuolo, L., Nardi, M., Russo,
B., Avnet, S., 2011. Efﬁcient synthesis of isoxazolidine-substituted
bisphosphonates by 1,3-dipolar. Tetrahedron 18, 5635–5641.
Breuer, E.I., 1982. Nitrones and nitronic acid derivatives: their
structures and their role in synthesis. In: Patai, S. (Ed.), The
Chemistry of Amino, Nitroso and Nitro Compounds and their
Derivatives. Wiley, New York, NY, USA, pp. 460–564.
Camiletti, C., Poletti, L., Trombini, C., 1994. Trimethylsilyl tri-
ﬂuoromethanesulfonate-catalyzed reaction of 2-[(trimethylsi-
lyl)oxy]furan with nitrones. J. Org. Chem. 59, 6843–6846.
Cardona, F., Bonanni, M., Soldaini, G., Goti, A., 2008. One-pot
synthesis of nitrones from primary amines and aldehydes catalyzed
by methyltrioxorhenium. ChemSusChem 1, 327–332.
Chan, K.N., Yeung, M.L., Chan, W.-K., Wang, R.-J., Mak, T.C.W.,
1995. Chromium and tungsten pentacarbonyl groups as reactivity
and selectivity auxiliaries in [3+2] cycloaddition of alkynyl Fischer
carbene complexes with N-alkyl nitrones. J. Org. Chem. 60, 1741–
1747.
Chavarrı´a, C., Pe´rez, D.I., Pe´rez, C.,Morales-Garcı´a, J., Alonso-Gil, S.,
Pe´rez Castillo, A., Gil, C., Souza, J., Porcal, W., 2012. Microwave-
assisted synthesis of hydroxyphenyl nitrones with protective
action against oxidative stress. Eur. J. Med. Chem. 58, 44–49.
Chiacchio, U., Corsaro, A., Iannazzo, D., Piperno, A., Resciﬁna, A.,
Romeo, R., Romeo, G., 2001. Diastereoselective synthesis of N,O-
psiconucleosides via 1,3-dipolar cycloadditions. Tetrahedron Lett.
42, 1777–1780.
30 L. Maiuolo et al.Chiacchio, U., Borrello, L., Iannazzo, D., Merino, P., Piperno, A.,
Resciﬁna, A., Richichi, B., Romeo, G., 2003. Enantioselective
synthesis of N,O-psiconucleosides. Tetrahedron: Asymm. 14, 2419–
2425.
Choteau, F., Tuccio, B., Villamena, F.A., Charles, L., Pucci, B.,
Durand, G., 2012. Synthesis of tris-hydroxymethyl-based nitrone
derivatives with highly reactive nitronyl carbon. J. Org. Chem. 77,
938–948.
Christensen, D., Jørgensen, K.A., 1989. Oxidation of imines to
nitrones by the permanganate ion. J. Org. Chem. 54, 126–131.
Cicchi, S., Marradi, M., Goti, A., Brandi, A., 2001. Manganese
dioxide oxidation of hydroxylamines to nitrones. Tetrahedron Lett.
42, 6503–6505.
Clack, D.W., Khan, N., Wilson, D.A., 1981. Conﬁgurations and
conformations of the oximes, O-methyl oximes, and N-methylni-
trones derived from chalcones. J. Chem. Soc. Perkin Trans. 2, 860–
865.
Colacino, E., Nun, P., Colacino, F.M., Martinez, J., Lamaty, F., 2008.
Solvent-free synthesis of nitrones in a ball-mill. Tetrahedron 64,
5569–5576.
Coskun, N., Parlar, A., 2005. One-pot synthesis and hydroxylamino-
lysis of asymmetrical acyclic nitrones. Synth. Commun. 35, 2445–
2451.
Cummins, C.H., Coates, R.M., 1983. -oxygenation of aldehydes and
cyclic ketones by acylation & arrangement of nitrones. J. Org. Lett.
48, 2070–2076.
Dallinger, D., Kappe, C.O., 2007. Microwave-assisted synthesis in
water as solvent. Chem. Rev. 107, 2563–2591.
Denis, J.-N., Mauger, H., Valle´e, Y., 1997. The reaction of nitrones
with indoles. Synthesis of asymmetrical diindolylalcanes. Tetrahe-
dron Lett. 38, 8515–8518.
Dhainaut, A., Tizot, A., Raimbaud, E., Lockhart, B., Lestage, P.,
Goldstein, S., 2000. Synthesis, structure, and neuroprotective
properties of novel imidazolyl nitrones. J. Med. Chem. 43, 2165–
2175.
Evans, D.A., Song, H.-J., Fandrick, K.R., 2006. Enantioselective
nitrone cycloadditions of a, b-unsaturated 2-acyl imidazoles
catalyzed by bis(oxazolinyl)pyridine–cerium(iv) triﬂate complexes.
Org. Lett. 15, 3351–3354.
Exner, O., 1951. A new synthesis of N-methylketoximes. Collect.
Czech. Chem. Commun. 16, 258–260.
Frontana-Uriba, B.A., Moinet, C., 1999. Synthesis and electro-
chemical behaviour of 2-N-substituted indazoles. Acta Chem.
Scand. 53, 814–823.
Gautheron-Chapoulaud, V., Pandya, S.U., Cividino, P., Masson, G.,
Py, S., Valle´e, Y., 2001. One-pot synthesis of functionalized
nitrones from nitro compounds. Synlett 8, 1281–1283.
Guinchard, X., Valle´e, Y., Denis, J.-N., 2007. Total syntheses of
brominated marine sponge alkaloids. Org. Lett. 9, 3761–3764.
Hassan, A., Wazeer, M.I.M., Ali, S.A., 1998. Oxidation of N-benzyl-
N-methylhydroxylamines to nitrones. A mechanistic study. J.
Chem. Soc. Perkin Trans. 2, 443–451.
Herrera, R., Nagarajan, A., Morales, M.A., Me`ndez, F., Jime`nez-
Va`zquez, H.A., Zepeda, L.G., Tamariz, J., 2001. Regio- and
stereoselectivity of captodative oleﬁns in 1,3-dipolar cycloaddi-
tions. A DFT/HSAB theory rationale for the observed regiochem-
istry of nitrones. J. Org. Chem. 66, 1252–1263.
Kappe, C.O., 2004. Controlled microwave heating in modern organic
synthesis. Angew. Chem. Int. Ed. 43, 6250–6284.
Kim, S., Vilela, G.V.M.D., Bouajila, J., Dias, A.G., Cyrino, F.Z.G.A.,
Bouskela, E., Costa, P.R.R., Nepveu, F., 2007. -phenyl-N-tert-
butyl nitrone (PBN) derivatives: synthesis and protective action
against microvascular damages induced by ischemia/reperfusion.
Bioorg. Med. Chem. 15, 3572–3578.
Liard, A., Nguyen, T.-H., Smir, A.I.D., Vaultier, M., Derdour, A.,
Mortier, J., 2003. Evidence for the intermediacy of arylbenzylni-
trenium ions in the thermal rearrangement of isoxazolidines derivedfrom C,N-diarylnitrones and 2-morpholin-4-yl-acrylonitrile. Chem.
Eur. J. 9, 1000–1007.
Lidstrom, P., Tierney, J., Wathey, B., Westman, J., 2001. Microwave
assisted organic synthesis – a review. Tetrahedron 57, 9225–
9283.
Lu, C., Dubrovskiy, A.V., Larock, R.C., 2012. Synthesis of ben-
zisoxazolines by the coupling of arynes with nitrones. J. Org.
Chem. 77, 2279–2284.
Martin, J.N., Jones, R.C.F., 2002. Synthetic applications of 1,3-
dipolar cycloaddition chemistry toward heterocycles and natural
products. In: Padwa, A., Pearson, W.H. (Eds.), The Chemistry of
Heterocyclic Compounds. Wiley, New York, NY, USA, pp. 1–81.
Masson, G., Py, S., Vallee`, Y., 2002. Samarium diiodide-induced
reductive cross-coupling of nitrones with aldehydes and ketones.
Angew. Chem. Int. Ed. 41, 1772–1775.
Merino, P., 2004. in: Bellus, D., Padwa, A., (Eds.), Science of
synthesis, George Thieme, Stuttgart, vol. 27, pp. 511–580.
Merino, P., 2005. New developments in nucleophilic additions to
nitrones. C. R. Chim. 8, 775–788.
Merino, P., 2011. In: Schaumann, E., (Ed.), Science of synthesis,
Knowledge updates, George Thieme, Stuttgart, 2010/4, pp. 325–403.
Merino, P., Tejero, T., Unzurrunzaga, F.J., Franco, S., Chiacchio, U.,
Saita, M.G., Iannazzo, D., Piperno, A., Romeo, G., 2005. An
efﬁcient approach to enantiomeric isoxazolidinyl analogues of
tiazofurin based on nitrone cycloadditions. Tetrahedron Asymme-
try 16, 3865–3876.
Moran, J., Pfeiffer, J.Y., Gorelsky, S.I., Beauchemin, A.M., 2009.
Ketonitrones via cope-type hydroamination of allenes. Org. Lett.
11, 1895–1898.
Nakamura, I., Onuma, T., Kanazawa, R., Nishigai, Y., Terada, M.,
2014. Efﬁcient synthesis of N-alkylated a, b-unsaturated ketoni-
trones via Cu-catalyzed rearrangement. Org. Lett. 16, 4198–4200.
Nelson, D.W., Owens, J., Hiraldo, D., 2001. Alpha-(tri-
ﬂuoromethyl)amine derivatives via nucleophilic triﬂuoromethyla-
tion of nitrones. J. Org. Chem. 66, 2572–2582.
Oravec, P., Fisera, L., Goljer, I., Ertl, P., 1991. Regio- and
stereoselectivity in the 1,3-dipolar cycloaddition of C,N-diarylni-
trones to 3,3-methylene-5,5-dimethyl-2-pyrrolidinone. Monatsheft
Chem. 122, 977–985.
Palomo, C., Oibiade, M., Arceo, E., Garcı`a, J.M., Lo`pez, R.,
Gonza`les, A., Linden, A., 2005. Lewis acid catalyzed asymmetric
cycloadditions of nitrones: a0-hydroxy enones as efﬁcient reaction
partners. Angew. Chem. Int. Ed. 44, 6187–6190.
Petkes, H.I., Gal, E., Gaina, L., Sabou, M., Majdik, C., Silaghi-
Dumitrescu, L., 2014. Synthesis and antibacterial properties of new
phenothiazinyl- and phenyl-nitrones. C. R. Chim. 17, 1050–
1056.
Pfeiffer, J.Y., Beauchemin, A.M., 2009. Simple reaction conditions for
the formation of ketonitrones from ketones and hydroxylamines. J.
Org. Chem. 74, 8381–8383.
Reyes, L., Corona, S., Arroyo, G., Delgado, F., Miranda, R., 2010.
Eco-contribution for the production of N-arylnitrones: solvent-free
and assisted by microwaves. Int. J. Mol. Sci. 11, 2576–2583.
Shridharan, V., Muthusubramamian, S., Sivasubramamian, S., 2004.
Microwave assisted synthesis of a-(5-substituted-2-hydroxyaryl)-N-
ary-nitrones and their MNR and mass spectral studies. Ind. J.
Chem.-B 43B, 857–863.
Soldaini, G., Cardona, F., Goti, A., 2007. Catalytic oxidation of
imines based on methyltrioxorhenium/urea hydrogen peroxide: a
mild and easy chemo- and regioselective entry to nitrones. Org.
Lett. 9, 473–476.
Torssell, K., Zeuthen, O., 1978. Reactions of t-butyl-nitrones and
trimethylsilyl nitronates. Synthesis and reactions of isoxazolidines
and 2-isoxalines. Acta Chem. Scand. Ser. 32b, 118–124.
Valizadeh, H., 2010. Efﬁcient combination of task-speciﬁc ionic liquid
and microwave dielectric heating applied to synthesis of a large
variety of nitrones. Heteroat. Chem. 21, 78–83.
Rapid, efﬁcient and solvent free microwave mediated synthesis of aldo- and ketonitrones 31Valizadeh, H., Dinparast, L., 2009. Rapid, efﬁcient, and room
temperature synthesis of nitrones in excellent yields over MgO
under solvent-free conditions. Heteroat. Chem. 20, 177–181.
Valizadeh, H., Shockravi, A., 2005. An efﬁcient procedure for the
synthesis of coumarin derivatives using TiCl4 as catalyst under
solvent-free conditions. Tetrahedron Lett. 46, 3501–3503.
Valizadeh, H., Amiri, M., Gholipur, H., 2009. Efﬁcient and convenient
method for the synthesis of isoxazoles in ionic liquid. J. Heterocycl.
Chem. 46, 108–110.
Vasilevskis, J., Olson, D.C., Loos, K., 1970. Reaction of oxygen with a
nickel(I) cyclic amine complex. J. Chem. Soc. D, 1718–1719.Villamena, F.A., Das, A., Nash, K.M., 2012. Potential implication of
the chemical properties and bioactivity of nitrone spin traps for
therapeutics. Future Med. Chem. 4, 1171–1207.
Wagner, G., Garland, T., 2008. Synthesis of 5-trichloromethyl-D4-
1,2,4-oxadiazolines and their rearrangement into formamidine
derivatives. Tetrahedron Lett. 49, 3596–3599.
Young, I.S., Kerr, M.A., 2003. A Homo [3+2] dipolar cycloaddition:
the reaction of nitrones with cyclopropanes. Angew. Chem. Int. Ed.
26, 3023–3026.
